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Terminal  protectors 
Electromagnetic  suppression  devices 
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Certain  commercially  available  components  have,  been  tested  to 
establish  test  procedures  for  characterizing  terminal  protection 
devices  used  in  electromagnetic-pulse  (EMP)  applic.it ions.  The 
devices  tested  include  spark  gaps,  filters,  avalanche  diedes,  and 
various  other  nonlinear  components.  Square  pulses  of  50-  and 
500-nsec  duration  and  up  to  11  kV  in  amplitude,  with  rise  times  of 
2 to  4 nsec,  were  applied  to  the  devices.  Response  time  and  enerqy 
leakage  were  recorded  for  each  test,  insertion  loss  and  approxi- 
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mate  failure  level  were  measured  for  each  device.  Results  arc 
presented  in  tabular  fern.  The  devices  that  appear  suitable 
for  terminal  protection  includu  spark  gaps,  some  filters,  and 
some  semiconductor  devices  with  breakdown  voltage  less  than 
50. 
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1.  INTRODUCTION 


i.i  statement  of  Problem 

Klectronugr.etic  pul  ses  (ilXP)  geriuratvJ  by  -detonation'  uf 

nuclear  weal  ions  can  mdsco  large  voltages  an.:  currents  xn  wire:;,  cables, 
and  antenna.;  connected  t>-  sensitive  electrical  and  vie.  tr ->nrc  equipment 
thereby  causing  momentary  or  p-ormanent  disruption  in  the  operation  of 
this  equipment.  Wiiile  grounding'  and  shielding  techniques  car. 
effectively  divert  the  direct  LMP  wave,  the  induced  energy  mast  be 
prevented  from  entering  via  the  terminals  of  the  equipment.  Thus,  there 
is  a need  for  terminal  protection  devices  {TPb's),  both  for  retrofitting 
existing  equipment  and  for  use  in  the  design  of  new  equipment. 

The  Tl’L)  associated  with  a giver,  terminal  is  to  be  connected 
between  the  terminal  and  ground,  thus  providing  an  alternate  path  for 
the  incident  transient  current  and  reflecting  some,  or  perhaps  most,  of 
the  energy  away  from  the  protected,  equipment.  The  more  important 
characteristics  of  TPb's  follows 

(a)  The  insertion  loss  incurred  by  connecting  the  TPb  should  not 
be  so  large  as  to  interfere  with  the  normal  .q. ration  of  the  system. 
For  practical  purposes,  this  may  limit  the  insertion  loss  to  -1  JH  over 
the  frequency  range  of  interest.  In  come  systems.,  the  Tl'b  capacitance 
could  be  limite*d  to  a few  picofarads. 

(b)  The  TI’D  should  be  capable  of  abs.  rbir.  i a large  .imount  of 
energy  without  being  damaged  theieby.  .\  pt  tt.-ction  philosophy  that 
allows  the  protective  element  to  be  darnag-  d m tin  process  of  providing 
protection  is  inadvisable.  There  nay  be  portur.ity  for  replacement 
during  an  attack. 

(e)  The  l I’D  sn.  al  I i>-  in  q era*,  iv-  f r input  v.,1  t.ig.-u  below  t:..- 
desired  protect:  ai  lev.- i and  ;n  *ul  i t:<  -c:  :.i  i .pidiy  t-  inputs  that 
exceed  this  level,  jas.ang  ft  »m  l >w-.t.:-hi  m c :.du  tivty.  nj  etd 

with  which  this  transition  takes  place  may  b>  tiled  t tie  response  time 
of  the  TIT:.  During  tins  transition  tin-  TIT-  village  may  ex  eed  the 
protection  level  by  a substantial  .«mou::t»“cai !•  -I  overshoot— which  should 
be  minimal  m amount  and  time,  The  requirement.,  of  the  system  being 
protected  will  largely  establish  limits  for  the  evorsh-.x>t. 

(d)  After  the  initial  overshoot,  the  TTD  should  limit  the 
transient  voltage  to  a reasonably  small  range  near  the  protection  level, 
more  or  leas  independent  of  tin-  current  passing  through  the  device. 
What  constitutes  a reasonable  voltage  range  will  be  determined  largely 
by  the  requirements  of  the  system  being  protect- .>d . 
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Quantitatively,  the  desired  characteristics  of  terminal  protection 
devices  can  be  derived  from  th_  parameters  of  voltages  and  currents 
induced  in  the  antennas,  wire.*-,  and  cables  of  the  system,  and  from  the 
properties  of  the  system  to  be  protected.  Based  on  field  and  laboratory 
tastin'.)  experience,  some  standards  for  TPU's  have  been  tentatively 
established.  First,  the  TP!)  should  be  able  to  suppress  a voltage 
transient  of  about  10  JcV,  which  implies  a maximum  short-circuit  current 
of  about  400  A in  a 50-~  system.  Second,  the  TI'D  should  switch  from  the 
low-  to  the  high-conduction  state  in  less  than  5 nsec.  Third,  the  'IPD 
should  be  able  to  maintain  this  nigh-conduction  state  for  at  least 
5oo  nsec. 

1,2  Objectives 

Primarily,  the  first-phase  objectives  of  the  test  program  were  to: 

(a)  Develop  experimental  techni gues  for  characterizing  and 
evaluating  TPD's  that  have  potential  usefulness  in  KMF  applications? 

(b)  Collect  experimental  data  (data  bank)  on  the  insertion 
losses,  energy  absorbing  capacities,,  response  times,  and  voltage 
limiting  effectiveness  of  tin.*  candidate  TPD's,  so  that  their  usefulness 
in  KMP  applic  ition.i  car.  be  determined?  arc! 

(c)  hevolop  in*.ierti<>n  method.;  ti’.at  optimize  the  effectiveness  of 
TPD'j  in  specific  system  applications.  These  results  were  expected  to 
generate  other  benefits.  For  ex.unpie,  it  was  anticipated  that  .selection 
criteria,  specifications,  and  acceptance  tests  for  Tl’D's  could  be 
derived  from  thi  • data  base. 

1.1  selection  of  be vices 

Many  characteristics  of  electrical  \ =!»»;«  Rents  ultimately  determine 
their  suitability  for  termr.il  protection  devices,  sa  h as  swit.hini 
tune,  power-handling  capability,  weight,  cost,  size,  temperature  limits, 
frequency  limits,  ruggedr.ess,  and  hermet:  * sealing.  dor.e  .f  those 
characteristics  are  not  known  or -at  least  have  not  been  published  by  the 
manufacturers.  In  many  -cases,  the  pu iso-power- hand ling  capability  has 
not  been  published  because  it  is  not  an  important  consideration  in  the 
normal  usage  of  the  device.  The  devices  tested  in  this  program  were 

selected  on  the  t ii  if  a technical-literature  survey  and  from 
suggestions  of  those  experienced  m the  field. 

2.  TIiST  PkoCfcDURt 


To  evaluate  the  effects  of  pulse  testing,  it  is  necessary  to 
compare  certain  electrical  pro|*rties  of  each  device  before  the  pulse 
test  with  the  same  projterties  ‘measured  after  th>  pulse  test.  It  was 


'1 


decided  that  measurements  of  insertion  loss  and  current-voltage 
characteristics  vould  be  adequate  for  this  work,  Tnorefere,  before  high 
voltage  pulse  testing , each  device  was  examined  on  a spectrum  analyzer 
to  measure  its  insertion  loss  from  0.01  to  100  KHz,  and  each  device 
{except  spark  gaps  and  filters;  was  also  examined  on  a curve  tracer. 

After  being  pulsed  each  device  was  again  tested^  on  the  curve- 
tracer  and/or  spectrum  analyzer.  Comparisons  of  pre-test  and  post- test 
data  were  then  used  to  assess  component  degradation.  This  pr--  oedure  was 
followed  for  each  pulse  amplitude. 

I 

! In  the  initial  round  of  tests  the  pulse  width  was  50  nsec  and  the 

j amplitudes— measured  across  a matched  50— ;i  load  with  no  TPD  in 

place— were  1,  3.8,  8.2,  and  11  kV.  When  post-pulse  tests  indicated 
-hat  a device  had  been  damaged,  no  further  pulses  were  applied  to  that 
device.  A listing  of  the  undamaged  or  surviving  devices  wa..  completed 
after  the  tests. 

In  the  second  series  of  tests  (which  was  applied  to  the  survivors 
of  the  first  tests),  the  pulse  width  was  increased  to  500  nsec,  and  the 
amplitudes  were  3.5,  7.5,  and  11  kV.  These  additional  tests  were,  of 
ft  course,  intended  solely  to  study  the  energy  dissipation  capacities  of 

the  devices  to  a somewhat  greater  extent.  The  3.5-kV,  500-nsec  pulse 
was  chosen  to  be  roughly  equivalent  to  the  11-kV,  50-nsec  pulse  as  far 
as  semiconductor-device- junction  heating  is  concerned,  assuming  that 
both  pulse  widths  lie  in  the  range  of  applicability  of  the  Wunch*  model 
for  semiconductor  junction  damage  due  to  thermal  effects. 

The  highest  test  level  of  11  kV  was  chosen  because  it  was  the 
maximum  available  and  because  it  appeared  to  be  a good  practical  test. 

The  logic  flow  diagram  for  these  studies  is  showr.  in  figure  1. 

3.  INSTRUMENTATION 
3,1  Pulsers 

The  pulse  generators  used  in  these  experiments  wort  of  the  charged 
coaxial  transmission- line  type,  having  two  in-line  spark  gaps  to  create 
fast  rise  times.  The  gaps  were  operated  in  a nitrogen  atmosphere,  and 
the  pressure  and  gap  spacing  were  varied  to  give  the  fastest  practical 
rate  of  rise  for  each  pulse  amplitude. 


Wunch,  D.  C. , and  Bell,  R.  i\. 
No.  6,  Dec  19f>8, 


IEKE  Tran*;,  on  Nucl . Sri.,  Vcl.  NS-15, 


Figure  1.  u»iii;  flow  i'hart  fnr  j ulso  testing  and  evaluation 
of  terminal  protection  dovi c«;s  (Tf*D) . 

One  line  produced  SO-nsec  pulses  with  amplitudes  of  1 to  11  kV 
into  a matched  50-..  load.  General iy , the  rise  tines  obtainable  with 
this  pulser  were  2 to  4 nsec , tteasured  from  10  to  90  percent  of  maximum; 
but  at  the  highest  voltage.  there  was  a l-  to  2-nsoc  decrease  in  rise 
'.ine.  This  line  was  .<  a:  : required  a resistive  matching  section  to 
connect  to  the  measurement  sections.  The  match  was  poor  at  the  lowest 
voltage  but  reasonably  good  at  the  higher  voltages. 

The  other  transmission  line  produced  500-nsec  pulses  with 
amplitudes  of  1 to  11  kV  into  a matened  i>0-„  load.  The  rise  times 
obtained  with  this  pulser  were  about  2 to  4 nsec,  measured  from  10  to 
90  percent'  of  maximum.  Shorter  rise  times  could  perhaps  have  been 
ucnieved,  but  no  effort  was  made  to  do  so  because  the  object  of  using 
‘*C>  i-nsec  pulses  was  to  investigate  damage  levels  more  extensively.  This 
line  was  a standard  J-l/b-in.  o.-i.  rigid  copper  transmission  line  and 
■> . tnroughout.  Two  taper  sections  reduced  the  J-l.'n-in.  diameter  to 
7,  ‘j  ui.  to  fit  th«  measurement  section. 

A schematic  diogrom  of  these  pulse  generators  is  shown  in 
fijure  1.  The  theory  of  pulse-forming  lines  is  reviewed  in  appendix  k, 
which  fallows  the  troutim  nt  of  Joldman. 
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‘•oldman.  Stanford,  "ha| lace  Transform  Theory  and  Eloctriral 
Transient--,"  l*>vr,  NJ,  1M». 
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- . ? Measurement  SocMcn 

Th«  voltage  across  and  ths  current  through  the  load  wars 
determined  by  naans  of  special  instrumentation  sections  placed  before 
and  after  the  load,  as  shown  schematically  in  figure  3,  The  voltage  was 
measured  with  a resistive  probe  and  attenuator,  which  provided  a 
matching  network  between  the  SO— .{  instrumentation  section  and  the  12$~fl 
input  of  a Tektronix  519  oscilloscope.  A series  of  plug-in  networks  was 
used  to  provide  further  attenuation  when  necessary.  This  voltage 
measurement  was  made  on  the  downstream  side  of  the  device  under  test  10 
that  only  the  transmitted  wave  was  obtained. 

The  current  was  determined  by  observing  the  voltage  drop  across  a 

resistance  internal  to  the  instrumentation  section  and  concentric 
with  the  conductors  of  the  50-ii  line.  Several  resistance  values  were 
available  in  the  0.04-  to  0.4-.1  range,  so  that  the  voltage  drop  could  be 
adjusted  to  a convenient  range.  Ths  currsnt  wss  measured  ahead  of  the 
device  under  test)  thus,  ths  msasured  values  include  the  currsnt  through 
the  50-»»  terminator.  This  tsrminator  currsnt  is  rslativsly  small, 
except  when  the  device  does  not  conduct)  it  was  thsn  generally  ignored. 
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Figure  3.  Schematic  diagram  of  measurement  sections  used  in  pulse 
testing  the  terminal  protection  do vices. 


3.3  Oscilloscopes  end  Cameras 

Voltage  and  currunt  pulses  were  recorded  by  two  Tektronix  519 
oscilloscopes  equipped  with  Tektronix  027  cameras  with  lil  lenses, 
using  Polaroid  type  410  fll»i  ASA  10,000.  The  inputs  to  these 
oscilloscopes  were  applied  directly  to  tlte  deflection  plates,  which 
permitted  rise  tines  of  0.26  to  0.30  nsec.  The  combination  of  Pll 
phosphor  in  the  CRT  and  ASA  10,000  film  allowed  clear  recording  of  all 
pulses,  even  when  the  oscilloscope  sweep  speed  was  5 nsec/cm. 
Photographs  with  a sweep  speed  of  2 nsec/ cm  were  possible  but  added  no 
useful  information. 

3.4  Curve  Tracer 

Current-voltage  characteristics  were  generally  obtained,  using  a 
Tektronix  574  curve  tracer  equipped  with  a Tektronix  C-12  ewers  and 
Polaroid  type  107  film,  ASA  3000.  Zn  some  cases  a Tektronix  7904 
oscilloscope  equipped  with  e Tektronix  7CT1N  curve  tracer  plug-in  end  e 
Tektronix  C-31  camera  were  substituted  for  the  above  combination.  In 
such  cases  it  was  necessary  to  photograph  the  forward  end  reverse  curves 
separately,  which  presented  no  difficulty. 

Since  these  curves  ere  swept  out  at  such  e low  frequency  (they  are 
conononly  called  d-c  characteristics) , the  devices  were  simply  attached 
to  the  curve  tracer  in  a convenient  fashion. 
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3.5  Spectrum  Analyzer 

Insertion-loss  measurements  were  made  with  a Hewlett-Packard 
spectrum  analyzer  system,  which  included  a model  8443A  tracking 
generator-counter,  a model  8552A  spectrum  analyzer  IF  section,  a model 
8553A  spectrum  analyzer  rf  section,  and  a model  141S  display  section. 
The  camera  employed  was  developed  by  Fairchila  for  the  Defense' Atomic 
Support  Agency  (now  the  Defense  Nuclear  Agency}. 

Two  photographs  made  for  each  device  covered  approximate  frequency 
ranges  of  0 to  10  KHz  and  0 to  100  MHz.  The  vertical  resolution  of  this 
instrument  is  10  dB/div,  so  that  variations  of  less  than  - 1 dB  were 
difficult  to  measure. 

The  device  under  test  was  mounted  in  the  same  housing  for  these 
measurements  as  for  the  pulse  teste.  The  0-dB  referonce  was  established 
by  making  the  same  observations  on  an  empty  houning.  The  test  apparatus 
is  shown  schematically  in  figure  4. 


Figure  <4.  Schematic  diagram  of  spectrum  analyzer  test. 


4.  RESULTS 

4.1  Important  Observables 

4.1.1  Insertion  Loss 

Ths  frequency  response  of  a device  under  normal  operating 
conditions,  or  its  insertion  loss,  was  measured  as  indicated  in  section 
3,5.  This  gives  the  diroct  amount  of  loading  of  a 50-.  circuit  by  the 
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device  in  its  nonconducting  state.  It  was  found  that  the  insertion  loss 
can  be  well  represented  by  values  at  a few  frequencies.  We  chose  5,  10, 
SO  and  100  MHz,  largely  as  a natter  of  convenience,  but  the  choice  is 
not  critical.  These  results  are  presented  in  table  1,  along  with  3-dB 
points  (where  these  could  be  determined)  for  all  devices  tested.  The 
frequencies  at  which  the  loss  passed  through  1 dB  would  perhaps  have 
been  store  useful,  but  the  resolution  of  the  spectrum  analyzer  was  of 
such  that  these  points  could  not  be  determined  with  a reasonable 
accuracy.  The  insertion  losses  and  3-dB  frequencies  listed  in  table  T* 
are  averages  over  the  sample  of  that  particular  device  type.  The  sizes 
of  these  samples  are  listed  in  table  II.* 

As  table  I indicates,  many  semiconductor  devices  would  be  useful 
only  at  low  frequencies  because  of  their  high-insertion  loss.  The  more 
obvious  examples  are  silicon-controlled  rectifiers  (SCR's)  and  some 
avalanche  diodes.  The  case  of  the  avalanche  diode  is  particularly 
illuminating  because  the  same  properties  that  cause  a diode  to  show 
high-insertion  loss— that  is,  large  junction  area  and  small  depletion 
width—also  allow  it  to  survive  larger  input  transients.  The  depletion 
width,  of  course,  derives  from  the  impurity  concentration,  and  a higher 
level  of  impurity  carriers  means  that  more  current  can  be  impressed 
without  excessive  heating  of  the  crystal. 

At  the  other  extreme,  spark  gaps  generally  exhibit  little  or  no 
measurable  insertion  loss. 

4.1.2  Survivability 

The  approximate  level  at  which  a device  was  damaged  was  determined 
by  comparing  pre-  and  post-pulse  curve  tracer  and  spectrum  analyzer 
photographs.  Damage  was  defined  in  this  context  as  any  significant 
difference  between  the  two  sets  of  photographs.  This  damage  was 
generally  evidenced  by  an  increase  in  leakage  current,  for  example.  In 
extreme  cases,  the  device  either  opened  or  shorted.  It  turned  out  that 
the  insertion-loss  curves  were  not  often  useful  for  damage  evaluation, 
although  they  did  sometimes  confirm  conclusions  based  on  curve-tracer 
photographs.  When  the  device  was  destroyed,  as  indicated  by  the  curve 
tracer,  it  was  occasionally  noted  that  the  insertion  Iosb  had  markedly 
increased;  and  in  rare  cases  where  curve-tracer  photographs  were  not 
available  this  fact  was  of  some  value. 


*These  tables  are  included  with  tabulated  data  on  pp.  IB  through  3 f- . 
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MANUFACTURERS  OF  D.  VICES  REPORTED  IN  TABLES 


INT.  RECT. 


Alpha  Industries,  Inc 
Woburn/  MA 

Dale  Electronics,  Inc 
East  Highway  SO 
Yankton,  SD  5707a 

ECC  Corporation 
Box  669 

Euless,  TX  76039 
ES&G,  Inc 

Electronic  Products  Group 
35  Congress  Street 
Salem,  MA  01970 

General  Electric 

Semiconductor  Products  Department 
Electronics  Pk. 

Syracuse,  NY  13201 

GHZ  Devices,  Inc 
Kennedy  Drive 

North  Chelmsford,  MA  01863 

General  Semiconductor  Industries,  Inc 
P.O.  BOX  3077 
Tempe,  AZ  85281 

International  Rectifier 
Semiconductor  Division 
233  Kansas  Street 
El  Segundo,  CA  90245 

Joslyn  Electronic  Systems 

P.O.  Box  817 

Go 1 eta,  CA  93017 

Lundy  Electronic  & Systems,  Inc 
Glen  Head,  NY  11545 


MC'I  Electronics 
279  Skidmore  Road 
Deer  Park,  NY  11729 
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MANUFACTURERS  OK  DEVICES  REPORTED  IN  TABLES.  (CONT't) 


M.  ASSOC. 


MOTOROLA 


RTRON 


SIEMENS 


SPEC.  CONT. 


TEXSCAN 


TII 


TMC 


TRANSTECTOR 


UNITRODE 


USCC 


Microwave  Associates,  Inc 
Northwest  Industrial  Park 
Burlington,  MA  01803 

Motorola  Semiconductor  Products 
500 5 E.  McDowell  Road 
Phoenix,  AC  85008 

Radio  Corporation  of  America 
RCA  Solid  State  Division 
Rt.  202 

Somerville,  NJ  08876 

Rtron  Corporation 
P.O.  Box  743 
Skokie,  IL  60076 

Siemens  Corporation 
186  Wood  Avenue  South 
Iselin,  NJ  08830 

Spectrum  Control,  Inc 
152  East  Main  Street 
Fairview,  PA  16415 

Texscan  Microwave  Products 
7707  Records  Street 
Indianapolis,  IN  46226 

Telecommunications  Industries,  Inc 

137s  Akror,  Street 

Cop 1 ague,  L.I.,  NV  11726 

TMC  Systems  (Ari2),  Inc 
930  West  23rd  Street 
.TemH',  AL  852sl 

Transactor  Systems 

532  Monterey  Pass  Road,  P.O,  Box  b76 

Monterey  Park,  CA  917b4 

Unitrode  Cor) oration 
580  Pleasant  Street 
Watertown,  MA  02712 

U.S.  Capacitor  Corporation 
2151  N.  Lincoln  Street 
Burbank,  CA  914504 
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The  damage  data  are  summarized  in  table  II.  Each  device  is 
labelled  with  the  highest  value  o£  input  voltage  for  which  no  device  in 
that  sample  sustained  damage--this  is  called  the  Safe  Voltage}  the 
lowest  value  of  input  voltage  for  which  any  device  in  that  sample 
sustained  damage  is  called  the  Failure  Voltage*  It  should  be  clear  that 
these  numbers  represent  no  assurance  of  performance. 

In  rare  cases  the  existing  data  did  not  permit  such  an  evaluation 
for  a particular  device.  Some  of  these  cases  are  labelled  with  "UNDET" 
in  the  appropriate  column.  In  a few  other  cases  the  devices  were 
destroyed  during  curve  tracer  tests.  Tnese  are  indicated  by  "DEST  CT" 
in  the  appropriate  column,  even  though  other  devices  in  that  sample  may 
have  escaped  damage  until  pulsed.  Fir  damage  evaluation,  all  such 
devices  were  simply  considered  as  untested. 

The  devices  that  survived  the  11-kV,  50-nsec  pulse  test  include 
all  spark  gaps  tested,  some  avalanche  diodes,  some  crowbars,  and  some 
filters.  Table  II  shows  that  the  majority  of  the  survivors  of  the 
11-kV,  50-nsec  pulse  test  also  survived  the  11-kV,  500-nsec  pulse  test. 

4.1.3  Response  Time  and  Overshoot 

W)ien  a large,  fast  rise-time  pulse  was  applied  to  a device,  the 
transmitted  voltage  momentarily  exceeded  the  rated  breakdown  voltage  of 
the  device,  often  by  several  kilovolts.  This  excess  voltage,  generally 
referred  to  as  overshoot,  depends  on  the  overall  response  time  of  the 
test  system.  Operationally,  the  response  time  must  include  the  effects 
of  lead  inductances— as  these  cannot  be  completely  separated  from  the 
device— and  of  the  test  apparatus  in  addition  to  the  inherent  response 
time  of  the  device.  In  these  tests,  the  devices  were  mounted  in  a way 
that  would  minimize  the  effects  of  leads  and  test  fixture,  which  is 
presumably  the  way  they  would  be  mounted  in  practice.  Since  these 
contributions  are  not  easily  separated,  the  overall  response  time  is  the 
relevant  parameter. 

Response  time  was  defined  for  these  tests  as  the  difference 
between  the  time  of  arrival  of  an  incident  pulse  and  the  time  at  which 
the  overshoot  decayed  to  one-half  of  its  maximum  value.  This  and  other 
relevant  parameters  are  defined  in  figure  5 and  tabulated  for  the  11-kV 
input  pulse  in  cable  III. 

All  measured  values  in  table  III  are  averages  over  the  sample  of 
that  device  type.  The  clamp  voltages  are  given  as  upper  bounds  because 
they  wore  read  from  the  same  photographs  as  the  peak  voltages  and  could 
not  be  determined  with  greater  accuracy. 
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Figure  5.  Response  time  and  overshoot  parameters  for  terminal 
protection  devices. 


Using  measured  values  of  these  parameters  for  the  first  pulse 
incident  on  the  device,  it  is  possible  to  estimate  the  energy  that  leaks 
past  the  device  into  a 50-.;  load.  The  results  of  such  computations  are 
also  displayed  in  table  111.  Some  words  of  caution  are  in  order  with 
respect  to  these  energy  leakages.  First,  in  our  test  apparatus  and  to 
some  degree  in  all  real  systems,  there  are  reflections  at  various 
points,  so  tnat  more  than  one  pulse  will  be  incident  on  the  device.  In 
our  case,  the  second  pulse  was  larger  than  the  first,  often  by  a factor 
of  2 or  3.  Second,  the  total  heating  effect  on  a semiconductor 
Junction,  due  to  all  the  leakage  pulses,  will  to  some  extent  be 
cumulative.  This  effect  will,  of  course,  depend  on  the  separation  of 
the  pulsos,  because  of  Junction  cooling  between  pulses  and,  thus,  on  the 
details  of  a particular  system.  At  the.  very  least  the  energy-leakage 
data  of  table  III  provide  a convenient  basis  of  comparison  for  the 
various  devices  tested.  The  method  used  to  calculate  these  leakage  data 
is  given  in  appendix  B.  Note  that  both  peak  voltage  and  energy  leakage 
are  greater  for  spark  gaps  than  for  most  other  devices. 
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4.1*4  Clamp  Level 

The  effectiveness  of  a protective  device  is  determined  in  pert  by 
its  ability  to  limit  the  transmitted  voltage  after  the  initial 

overshoot.  Thus,  the  clamp  levelB  of  all  semiconductor  devices  that 

survived  all  500-nsec  pulse  tests  were  measured  under  similar 
conditions.  The  results  are  given  in  table  IV.  Mote  that  the  actual 

voltage  drops  are  often  more  than  twice  the ‘rated  breakdown  voltage. 

The  energy  dissipation  in  table  IV  is  the  product  of  the  maximum  current 
and  the  breakdown  voltage,  Vfl,  which  was  used  for  this  calculation 
instead  of  the  clamp  voltage.  The  result  is  a more  conservative 
estimate  of  the  energy  dissipation  capacity  of  that  particular  device. 

4.2  Derivable  Quantities 

To  evaluate  the  protection  offered  by  a given  TPD  to  a particular 
circuit  with  a specified  threat  level,  it  is  necessary  to  consider  the 
combination  of  protector  and  protected  circuit  in  considerably  more 
detail.  This  can  be  done  in  principle  by  applying  the  specified  threat 
to  the  TPD  and  using  the  resulting  time-domain  waveforms  to  obtain  an 
equivalent  generator  for  tho  TPD.  This  equivalent  generator  can  then  be 
applied  to  the  protected  components,  snd  the  energy  dissipation  in  each 
of  these  components  can  be  evaluated.  By  this  time,  there  are  adequate 
data  from  which  a prediction  of  either  damage  or  no  damage  can  be  made. 
A method  of  obtaining  the  equivalent  circuit  of  the  TPD  is  given  in 
appendix  C.  A method  for  predicting  junction  damage  is  given  in 
appendix  D and  extended  to  the  case  of  multiple  pulses. 

4.3  Discussion  of  Devices 

This  section  summarizes  the  conclusions  obtained  from  this  study 
relevant  to  the  suitability  of  various  devices  as  TPD's. 

4.3.1  spark  Gaps 

Spark  gaps  still  ap|>oar  to  be  among  the  main  bulwarks  against 
intrusion  of  large  EMP  surges.  They  are  the  only  protection  necessary 
in  some  systems.  In  other  systems,  they  are  the  only  protectors  iiow 
available  with  sufficiently  small  insertion  loss. 

Spark  gaps  are  available  with  d-c  breakdown  voltages  varying  from 
about  90  to  more  than  10,000.  The  addition  of  radioactive  gases  and 
electrode  materials  has  evidently  permitted  much  faster  and  more 
consistent  arc  formation.  These  materials  can  be  made  with 

interelectrode  capacitances  * 1 pF,  so  that  circuit  loading  is  small. 
Furthermore,  they  are  virtually  indestructible  by  a single  EMP 
transient,  with  current  ratings  typically  of  - 10  kA  for  several 
microseconds. 


TABLE  IV.  CLAMP  VOLTAGE  AND  APPROXIMATE  ENERGY  DISSIPATION  IN  EACH  SEMICONDUCTOR  DEVICE  THAT 
SURVIVED  ALL  500-NSEC  PULSE  TESTS.  (APPLIED  PULSE  WIDTH  WAS  ABOUT  5«0  NSEC.) 

Claap  Input  Kaxinua  Energy 

Mfr  Type  Description  Voltage  Voltage  Current  Diss  : 


colunn  *livos  the  total  cnerqy  dissipated  in  cacti  device  per  test  pulse 


All  of  the  spark  gaps  tested  in  this  program  appear  about  equally 
effective  for  BMP  protection.  This  does  not  mean  that  they  are 
equivalent,  merely  that  our  tost  methods  could  not  distinguish  between 
them.  The  principal  drawbacks  to  using  spark  gaps  are  the  high  d-c 
breakdown  voltage  and  the  relatively  high-energy  leakage,  especially 
with  small  overvoltages. 

4.3.2  Filters 

Two  types  of  filters— bandpass  and  low  pass— were  evaluated.  m 
the  former  category  only  two  different  kinds  of  device  were  tested.  The 
microwave  bandpass  filters  made  by  Texscan  appeared  able  to  handle  the 
test  pulses  without  damage,  and  the  transmitted  voltage  waves  were 
small,  largely  because  of  arcing  somewhere  in  the  device.  Such  a filter 
with  a relatively  narrow  passband  would  probably  give  adequate 
protection  for  some  systems. 

Of  the  several  low-pass  filters  tested,  only  the  EMI  filters  made 
by  Spectrum  Control  appeared  to  be  undamaged.  Generally  speaking,  these 
tiifcv  r.j  passed  relatively  large  amounts  of  energy.  If  low  leakage  is 
necessary  those  filters  would  have  to  be  used  in  conjunction  with  or 
replaced  by  some  other  device. 

4.3.3  Avalanche  Diodoe 

The  avalancho  diodes  comprise  the  last  major  category  of  devicen 
suitable  for  terminal  protection.  Generally  speaking,  only  diodes  with 
low-breakdown  voltages  can  handle  the  necessary  energy,  aqd  these  diodes 
have  such  high-insertion  loss  as  to  make  them  useful  only  at  low 
frequencies. 

There  is  one  schome  for  reducing  insertion  loss  of  a diode.  This 
method,  however,  yields  a somewhat  slower  response  to  a large  transient 
and  is  ineffective  for  signal  voltages  that  exceed  the  forward  barrier 
potential  of  the  compensating  diode. 

Avalanche  diodes  can  bo  used  extensively  to  protect  low-voltage, 
low-frequency  circuits.  Some  low-capacitance  <microwavc)  diodes  also 
have  potential  in  combination  with  other  devices  that  will  handle  most 
of  the  energy,  leaving  the  diode  to  provide  fast  clamping  of  relatively 
low-level  signals  in  high-frequency  circuits. 


Clark,  O.  M.  and  Winters,  R.  D.,  General  Semiconductor  industries, 
Inc,  “Feasibility  Study  for  EMP  Terminal  Protection,"  Final  Report, 
Contract  No.  DAAG19-72-C-0044. 
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4.3.4  Miscellaneous  Semiconductor  Devices 
j ' 

A number  of  special  devices,  such  as  diode  a-c  switches  (DIAC's), 
i crowbars,  biased  suppressors,  silicon-controlled  rectifiers  (SCK's), 

1 thyristors  and  pin  diodes  are,  in  general,  of  little  use  for  varying 

reasons.  A few  of  the  MCG  preset  crowbars  and  the  RCA  DIAC's  survived 
' the  pulse  tests.  Of  these,  only  the  DIAC  has  acceptably  low  insertion 

• loss  above  a few  hundred  kilohertz. 

I 

! 5.  CONCLUSIONS 

i The  collection  of  devices  that  survived  all  specified  pulse  tests 

! principally  includes  all  spark  gaps,  some  bandpass  filters,  most 

avalanche  diodes  with  breakdown  voltages  less  than  about  SO,  and  a few 
miscellaneous  semiconductor  devices  with  breakdown  voltages  also  less 
! than  about  SO.  The  dividing  line  near  SO  V is,  no  doubt,  a function  of 

the  maximum  current  and  - pulse  width  used.  The  devices  that  survived 
application  of  an  11-kV,  500-nsec  pulse  include  almost  all  survivors  of 
the  50-nsec  pulse  test. 

Of  the  devices  that  survived  both  pulse  tests,  only  spark  gaps 
have  acceptably  low-insertion  Joss  over  the  frequency  range  from  0 to 
100  MHz.  Therefore,  if  wido-band  protection  is  needed  at  the  upper  end 
of  or  beyond  the  above  range,  it  can  at  present  be  provided  only  by 
spark  gaps. 

Spark  gaps  frequently  firu  slowly  and  erratically  at  overvoltages 
of  lets  than  2 or  3 times  the  d-c  breakdown  voltage.  For  this  reason, 
they  often  allow  greator  energy  leakage  for  small  ovorvoltages  than  for 
large  overvoltages.  Also,  bccauue  of  the  arc  formation  time,  spark  gaps 
generally  pass  somewhat  more  energy— even  when  significantly 

overvol ted— than  do  semiconductor  devices,  which  respond  rather  rapidly. 


The  speed  of  response  of  each  device  depends  strongly  on  the 
method  of  installation.  In  fact,  examination  of  table  III  suggests  that 
the  overall  response  is  dominated  by  such  things  as  lead  inductance  and 
the  impudance  mismatch  offered  by  the  test  chamber.  Other  tests  have 
shown  that  lead  inductance  is  the  more  important.  It  is  therefore  of 
utmost  importance  to  provide  the  shortest  possible  shunt  paths  for 
transient  currents  (except  in  the  case  of  filters).  This  implies  very 
small  TPD  packages  with  short  or  no  leads. 

The  bandpass  microwave  filters  manufac turn'd  by  Texscan  offer 
substantial  protection,  and  these  or  similar  n Iters  raiy  be  useful  where 
wido-band  response  is  not  necessary. 
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6.  RECOMMENDATIONS 


6.1  Individual  Devices 


when  further  pulse  tests  are  undertaken,  a few  carefully  selected 
devices  should  be  examined  more  closely  so  that  the  relevant  parameters 
can  be  determined  with  greater  precision.  The  large  number  of  devices 
used  in  a survey  of  this  nature  does  not  permit  adequate  time  to  test  a 
statistically  significant  number  of  each  type. 

Future  experiments  should  be  planned  carefully  so  that  the  device 
parameters  in  the  high  conduction  mode  can  be  derived  from  the  pulse 
data.  These  parameters  are  essential  for  predicting  damage  to  protected 
circuits. 

A diligent  search  should  be  made  for  a low  capacitance  device 
usable  at  frequencies  extending  through  and  somewhat  beyond  the  vhf 
range.  Such  a device  could  supplement  or  replace  the  apark  gap  in  many 
applications. 

The  usefulness  of  bandpass  filters  should  be  investigated  more 
carofully.  This  will  probably  require  some  sort  of  survey  of  the 
bandwidth  requirements  of  military  systems. 

6.2  Combinations  of  Devices 

It  is  likely  that  io  existing  single  device  can  provide  adequate 
protection  for  some  systems.  The  alternaLl*"'  4s  a combination  of 
devices  that  complement  each  other  so  that  the  iiwcdeu  p.  -tion 
results.  Generally  speaking,  the  combination  must  have  low- insertion 
loss,  be  relatively  unsusceptible  to  damage,  and  provide  rapid  response 
to  transients,  with  good  voltage  clamping  ability. 

The  spark  gap  appears  to  be  a vital  part  of  any  such  mixture.  It 
can  be  put  in  front  of  some  other  device  without  changing  the  overall 
frequency  response,  while  lending  its  hardness  to  the  whole.  The  idea 
Is  to  make  the  gap  fire  rapidly,  and  this  usually  means  a large 
overvoltage. 

Preliminary  tests  indicate  that  a spark  gap  followed  by  a filter 
can  in  some  cases  provide  excellent  transient  protection  for  the 
following  reasons i 

(a)  The  frequency  content  of  the  input  is  drastically  altered 
when  the  spark  gap  fires.  Thus,  when  the  transient  is  large  enough  to 
fire  the  gap,  the  energy  left  in  the  filter  passband  may  be  small,  even 
though  the  frequency  distribution  of  the  original  transient  was  strongly 
concentrated  in  the  filter  passband. 
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(b)  Before  the  spark  gap  fires , it  can  be  strongly  affected  by 
the  portion  of  the  transient  that  is  reflected  from  the  filter.  The 
filter  will,  in  general,  reflect  a wave  composed  mainly  of  frequencies 
well  outside  its  passband.  For  such  frequencies,  the  coefficient  of 
reflection  for  the  incident  voltage  from  the  filter  is  essentially  +1. 
The  reflected  signal  will  than  add  constructively  to  the  input  signal 
across  the  spark  gap  and  speod  its  turnon.  Naturally,  the  physical 
separation  between  spark  gap  and  filter  should  be  small. 

The  most  difficult  case  for  this  combination  to  handle  will  be 
when  the  input  transient  is  concentrated  in  the  filter  passband,  but  the 
voltage  is  not  large  enough  to  trigger  the  spark  gap  during  any  one-half 
cycle.  This  would  occur,  for  example,  with  a damped  sine  wave  of  the 
form  Ae  ° ainwt,  where  w is  in  the  filter  passband,  6 is  not  too  large, 
and  A is  only  a few  hundred  volts.  Even  in  this  case,  however,  the 
filter  output  ioqpedance  is  still  roughly  that  of  the  input  line,  which 
may  be  large  enough  to  limit  the  output  current  to  a tolerable  value. 

It  is  thorefore  recommended  that  the  effectiveness  of  this  and 
other  device  combinations  be  determined. 
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APPENDIX  A.— AN  ANALYTICAL  MODEL  FOR  THE  FAST  PULSER  USED  IN  COMPONENT 
TESTING 


Transmission  lines  may  bo  analyzed  by  using  methods  that  fall  into 
one  of  two  groups.  The  methods  of  the  first  group  use  electric  circuit 
theory  and  have  the  advantage  of  analytical  simplicity.  The  parameter 
values  and  the  conditions  under  which  the  resulting  equations  are 
applicable,  however,  must  be  derived  separately. 

The  methods  of  the  socond  group  depend  on  electromagnetic  theory. 
They  have  the  advantage  of  depending  directly  on  the  most  fundamental 
principles  of  macroscopic  electrodynamics.  These  mothods  also  provide 
all  necessary  restrictions  and  a{ proximal  ions  and  give*  the  parameter 
values. 

Either  procedure  ultimately  results  in  a pair  of  coupled 
first-order  equations  relating  the  current  and  voltage  at  a articular 
point  on  the  line.  Assuming  that  the  line  is  balanced— that  is,  there 
is  no  common-mode  current,  the  fundamental  transmission-line  equations 
are 

*'  I ill 

1.  -r~  + RI  ■ - r—  * 

•t  «x 


c 4-  (v  - - — * 

■t  ‘X 


where  i » i(x,t)  ■ current  in  each  conductor, 

o * e(x,t)  * potential  difference  between  conductors, 
1,  ■ inductance  per  unit  length, 

K ■ resistance  per  unit  length, 

C “ capacitance  per  unit  length, 

G = conductance  per  unit  length. 


This  appendix  follows  closely  the  treatment  by  Goldman, 
transforming  the  above  equations  leads  t.,» 

(I  s ♦ R)  I (x,s ) -•  - + I.Hx.e* 


Laplace 


(Cs  + oi:(x,s) 


±L^lL  + (Vi:,,o) 


Goldman,  Stanford,  "Laplace  Transform  Theory  and  Electrical 
Transients,"  Dover,  NJ. 
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These  equations  are  still  coupled 
give 


( Ls  + R ) ( Cs  + C ) I 


a2t 


- ( U + R ) ( Cs  + C ) E » L 


. Differentiating  and  substituting 

« c . |,(Cs  + G ) i(x,o) 

3x 

- c (Ls  + R ) e !x,o)  . 

.IX 


1/2 

bet  n ■ ((Ls  +.  R)  (Cs  + G)J  . Then  the  complementary  solutions  (to 
the  homogeneous  equations)  are 


I(x,s)  • Aie  nx  + Bjenx  , 
F(x,s)  * A?e  nx  +•  B?enx  . 


If  we  assume  no  current  or  voltage  on  the  line  at  t « 0,  the 
complementary  function!  provide  a complete  solution. 

Now  suppose  the  initial  conditions  ,are  not  quiescent.  In 
particular,  consider  an  initially  charged  line  (fig.  A-l),  which  is  a 
so-called  pulse-forming  line. 
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Figure  A-l.  Ci-cuit  diagram  of  pulse-forming  line. 


Generally,  we  have  ZT  = Z « Jtfz,  a pure  resistance  called  the  su.ge 
impedance  of  the  JineT  We  assume  that  R ■ G = 0,  which  is  an  excellent 
approximation  in  such  lines.  Then  the  fundamental  equations  are 


'■x- 


- s'  T.CT 


~ e ( r , o ) 
■>x 


i.r.si  (x,o) 


SS  - s'i.ck  =»  I/’1-1--*--  - l.rse(x,o)  . 
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Prior  to  time  t * 0,  we  have 


e*x,M  • K , 

i > 

= 0 , 


which  imply  also  that 


idAii’i  * ..ILiiill  = o . 

•x  *x 


Thus,  our  equations  simplify  to 

••  1 


- s-  i.c:  i * i)  , 


s ! o:  - -st.Ci.  . 

*> 


By  standard  methods  of  solving  differential  equations  with  constant 
coefficients,  we  find 

I - A-i*  B:e 


K 


!■  ( x « s 1 - A.  i*  *■  !*.  e i f , 


where  'i  j-  ,E/C.  From  tno  form  of  the  fundamental  equations  in  this 
oppr  jxim.it. io’.,  we  know  that 


We  therefore  find 


vr--  vr 


From  the  initial  condition  at  x = C, 

I (.«,« t • o - A + h 
A-  - -I*  . 
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At  the  other  end,  for  t :»  0,  we  have 


1 (d 


,t>  - ‘yJfcULt)  , 


which  has  the  transform 


KcI.h) 


Our  solutions  at  this  end  become 

, , , , . / -nil  ml ! 

I (d,s)  ■ At\e  - e 


KUl,s)  •Jp  A;( 


I.  . / -ml  , ml 
e + v 


)+  iia  . 


Using  these  three  relations  at  r < d we  easily  find  that 

. . 1 /T  y -ml 

A'  mmmtv  • 


The  solutions  *n  the  frequency  domain  are,  therefore, 


1 1 ;,s)  ' "iv/v  * ol 


-svrr i ii-x ) -«vrr  i ii+>: ) 1 
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lit*  I l* 


These  ar».-  readily  transformed  back  into  tin?  time  domain.  Thu  results 
art* 

i > . t * \yj\-  *'0  'jt  -VTM-,tj  - i*  J t -ViTu+.sij 


f'x.t 


) * K I > ( t • r I -VTTt.i-v  ) - , ! t -VTn.:*, 
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whore  U(t)  is  a unit  stop  function  having  the  property 


VU) 


<h  i 
1.  t 


0 


The  current  consists  of  two  stop  functions  that  have  opposite 
signs  and  travel  in  opposite  directions.  The  first  step  starts  at 
x * d,  t - 0/  and  moves  to  the  left.  The  second  step  begins  at  x ■ 0, 
t ■ d/LC,  and  moves  to  the  right,  cancelling  th  • first  as  it  moves.  The 
net  effect  is  die  life  history  shown  in  figure  A-2. 
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The  wavefront  travelling  to  tin  left  car.  uL.ci  i>.  . insider  e<i  to  be 

reflected  from  tile  ope::  end  witn  a cuang-  in  m>i  i.  AU  the  stored 
energy  is  ultimately  absorbed  n.  the  teimnaung  resistor  K • at 
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Thu  Appropriate  reflection  coefficients  are  given 
standard  texts.  For  voltage, 


R 


yT  - y 
FT  + x 


o 


o 


* 


in  a number  of 


and  for  current. 


- y 


V.  + X... 

a I 


whore  z is  the  actual  terminating  impedance.  In  the  simple  cases 
considered  here,  we  have  either  Z_  = Z^  or  . The  consequent 
reflection  coefficients  follow  immediately. 


Similarly,  the  voltage  consists  of  three  seep  functions,  one 
stationary  in  space,  one  moving  to  the  left,  and  one  to  the  right.  The 
net  effect  is  the  life  history  shown  in  figure  A-3. 
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In  this  example,  the  observed  voltage  at  the  terminating  end  in  never 
greater  than  E q/2. 

The  energy  initially  stored  in  such  a line  is 

k - | . 


On  tlie  other  Hand,  if  T » 2d*Ec  is  the  duration  of  the  pulse,  the  energy 
dissipated  in  K is 


yr  ,:o  4 ****  ■ 


I • HT  - — <kl  K*  . 

o • 

which  is,  of  course,  in  accord  with  the  principle  of  conservation  of 
energy. 

For  a coaxial  line  with  air  dielectric,  the  above  formulation  is 
valid  provided  that  i.,  « X,  where  a_  is  the  i»d.  of  the  outer 
conductor,  and  X is  the  shortest  wavelength  of  interest. 


APPENDIX  B.— CALCULATION  OF  ENERGY  LEAKAGE  THROUGH  TPD  INTO  A MATCHED 
LOAD  FROM  A PULSED  INPUT 


To  compare  terminal  protection  devices  in  terms  of  their  ability 
to  shield  other  circuits  from  large  transients,  it  is  useful  to 
calculate  the  energy  leakage  into  a standard  load.  For  this  purpose, 
the  parameters  defined  in  figure  5 {body  of  report)  are  reproduced  in 
figure  8-1  and  connected  in  a pier wise  linear  fashion.  Familiarity 
with  illustrative  pulse  data  reflects  the  adequacy  of  such  an 
approximation. 


Referring  to  figure  8-1,  the  energy  deposited  in  the  load  R ir. 
region  1 ist 
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Similarly,  for  region  2, 
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To  evaluate  E we  first  noed  V and  t4  in  terms  of  known  quantities. 
It  is  easy  to  discover  that 

V*>*V  J* 


V -V 

*4  * *2  ♦ 2 (h  - li)  “V  # 

P 


fB-3) 


The  energy  Ej  is  then 
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A simple  change  of  variable  gives 
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In  region  4. 
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Adding  ail  four  components  gives  the  total  energy  leakage  into  the  load 
for  one  pulse. 


IB-") 


This  can  be  simplified  further  for  the  cases  at  hand— that  13,  at  the 
highest  input  voltages.  Here,  we  always  have  Vt.  5V_;  and  in  most 
cases  we  have  Vp  •'  10  V0.  Hence,  we  can  safelV  ignore  Vc  in  comparison 
to  V . Also,  since  the  V-'  term  is  small,  we  c<in  approximate  it  with  a 
morel'gonerous  estimate  byCdropping  all  times  except  ;. 


Thon  the  approximate  total  energy  leakage  is 


V ? t1 

•» 

V 

2V* 

V2t 

*>■  -V 

+ _E 
R 

(e2  “ + Ir  <e3  ‘ e?) 

+ . . lU- 

R 

Jinee  neither  t . nor  t(  - t wuj,  directly  measured,  this  can  be  written 
in  tile  more  convenient  form 


V2 

-R 

3R 


[ 


« i ) - t.  + 2t- 


c 

B 


I B- s»» 


The  term  t - i i.-.  kept  intact  because  it  was  directly  measured,  along 
with  t , t’  , and  f. 

i 


. All  tirii-.-i  w,-ri>  recorded  ir.  nanoseconds)  thus,  if  we  want  in 
louleSf  all  term;;  rust  be  multiplied  by  10  *. 
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APPENDIX  C. —ANALYSIS  01'  EQUIVALENT  CIRCUIT  OK  A DIODE  UNDER  TEST  CONDITIONS 


A model  for  a Zener  diode  installed  in  a test  system  with  internal 
impedance  R is  shown  in  figure  Oa.  Otner  models  have  been  used  for 
various  frequency  ranges  and  conditions  of  bias.  This  particular  model 
appears  to  be  the  simplest  one  which  is  adequate  for  the  large-signal 
case.  Tiie  following  treatment,  adapted  from  tiiat  g 1 ”on  by  Juigin  et  ai' 
suggests  how  TPl:  parameters  might  b>.  derived  when  adeguate  experimental 
data  are  available.  Otiier  devices  might  be  more  or  less  tractable  than 
t.'L'  diode. 


Tiie  diode  symbol  in  figure  C-l  repiosents  an  ideal  diode,  tiiat  is, 
it-  has  aero  impedance  wiien  forward  biased,  infinite  imnedancu  for 
negative  bias  between  hero  and  V,,,  and  it.  adjusts  its  impedance  so  that 
the  negative  bias  never  ox. eeds  V->.  The  ..unction  capacitance,  C,  is 
ass  jffled  to  be  tiie  caj  acitance  at  breakdown. 

When  a positiv.  pulse  (negative  bias;  is  ap-p*i«.d  t-  this  diode, 
the  Zener  junction  is  considered  an  open  circuit  until  tin'  breakdown 
voltage,  \/.,t  aS  reached  with  tn«-  capacitor,  C,  charging  through  L and  r. 
Wiien  breakdown  occurs  the  voltage  across  .eases  to  .-iian  ie. 


It  should  be  pointed  out  tiiat  tiie  conditions  of  interest,  i.c., 
fast  rise  time  pulses  w>  th  Vq  one  to  three  otdei  s of  magnitude  greater 
than  V , are  such  that  tiie  incident  voltage  exceeds  V~  after  a fraction 
of  a .';a' no  second.  Hence,  it  should  i»-  joisibi.  t>.  treat  this  nonlinear 
:icvi  as  pie  •■•wise  linear,  tha'-  m,  to  ignor--  tin-  charging  of  •»'  ar.vi 
be  tin  measuring  time  when  tiie  died.  i.-.  f.a  ••n.rauh  mt-  the  avaianch. 
region  that  its  resistance  esseiit i.*liy  ...nstant  and  epaai  to  r.  In 

■w: . j : i f icjuj  . 
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Figure  C-l.  Equivalent  circuit  for  Zener  diode  under  test  conditions. 


R 


Fiuuro  i>.!.  Reduced  equivalent  circuit  for  Zener  diode  und-  r test 
conditio!.:;. 

The  looi  voltage.*  for  the  circuit  of  figure  C--  arei 

di 

(R  ♦ r)  I,  * L d|  ' ri2  - L^-*-  - Vg(t) 

di  Hi, 

-rij  * L dV  + (R+r) ij  + L dt-  - 0 . C- 

The  Idi-'laco  transforms  of  tiicse  are 

(R  + r + I.s)  !j  (s)  - (r  + Is)  I,  (s)  • V^(h) 

- (r  + l.s)  Ij  (s)  + (R  + r ♦ l.s)  1,  (s)  3 0 . , 

delving  for  the  oulq-ut  carr-  :.i  qive:. 

V (s)  <r  + Ls) 

j » £ ... 

2 R(R  + 2r  + 2 l.s)  • 
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Assuming  the  input  voltage,  V (t),  has  an  exponential  rise  with 


time  constant  t, 


V,  <0  •».(»-  •‘t/,|  . 


(04) 


v«rhich  transforms  to 


v (,)  . _2  —i.  _ 

* ’ »<•  * f ) 


Setting  K ♦ 2r  ■ 2R',  I , becomes 

V 


1 


2 2Rt 


(8  + } ) (s  + RJ.  ) 
L L 


(05) 


r 

L 


«(s  + •-  ) (s  ♦ > 


(Of) 


The  inverse  transform  is  readily  obtained— for  example,  from  ti;« 
Standard  Mathematical  Tobies,  20th  Edition  published  by  the  Chemical 
Rubber  Company. 


After  a little  rearranging,  we  get 
V 


l2  ’ 2* 


r L-ri  -c/t 

R’  * RttTC 


e«K*  t/L 


R't-L 


U'“ 


This  appears  to  jiave  the  correct  form,  and  it  is  easy  to  show  that 

*2  <0)  *2  < > ' R(RV2V)  ‘ 


(.'-*) 


furthermore,  application  of  L’llos;  ital's  rule  shows  that  the 
bracketed  sum  is  L.>an.li-vt  when  R' : - L.  The  output  voltage,  V(t),  is 
given  approximately  hy 


i 
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V(t)  * Ri,(t)  f V 


V(t) 


r 

R' 


r.  + 


l.-n 

R'i-L 


-t/t 


Ml  - R-.l 

R’V  - L 


-R’t/L 


+ V 


This  has  the  following  limitsi 


V(0)  » vz  4 0, 


v r 


V(  • ) » - • v + V 

1 ’ 2R  z * 


The  oxj  rossion  fur  the  output  voltage  eai:  be  simplified  by  •-•ousider i:vj 
the  approximate  Values  of  the  parameters. 


R * 50  ..  r • 1 . 

- - 1-5  ft.;-'  • 


L - 10-50 


R*  - 


R + 2r 


R 

•> 


1.  - rr  * L 
V(t)  * V 


, I.  . -t/i  -Rt/21  * 

+ r-:T:  (v  **  » 


+ V 


In  principle,  tin  v.»lu,  of  i r.  iy  i-  i x -d  i>y  • utt i a.tivj  V.,  from  tile 
o juilibnum  v>i*.a-|e  i t;u  li  i-  a:.!  Iiv:  i:.vj  tjh  .lift*  reiiee  by  tin 

dixie  eur  relit.  Th.  tin-  v»iu  - .t  A nay  i * obtain,  J by  fittn.-j  the 
observed  wavef-rn  t-  V(t),  u.  t j;.  s*-t:.  .!  f i>  a:-*  r.  j-lates.  Su.ee  H 

is  iiuj-fiose.i  t.o  be  known,  b w..ui.l  i>.-  avuianle.  The  fast  tr.at  r is 

ietu.il  ly  imislm.  ir  an  i r<-  .ur.  illy  i>-  n.t.  tile  analysis  if 

den  li  ed. 


I 'or  .•ori|-,itii;-i  ■ 1 L,  iieijle.ti:  | variation  u-  r,  it  is  nevessary 

to  observe  only  tin  ii.it  i 1 1 iv- rsi.-h-t.  In  ti ; i . xin.it  i :.,  we  Inv* 


V(t)  X 


V 1. 
<) 


R'-.’l 


-t/i  Rt/?1. 

- e 


ai  :x 


; Since  K and  V are  known,  the  problem  i..;  to  f i :k!  value:;  ot'  ; and  L so 

that  this  expression  best  fits  the  observed  form. 

' What  is  needed,  of  course,  is  an  <• ; uiva Lent  generator  for  the  Tl’D 

dlU'inj  app  lioatioi;  of  a large  transient.  The  next  step  is  to  apply  this 
: generator  to  the  protected  circuits  to  see-  whether  tin.  -protection 

offered  by  the  iTl>  is  aaejaate.  Tins  necessary  circuit  analysis  codes 
i and  semiconductor  damage  data  are  available  elsewhere , Appendix  U of 

‘ parent  report  gives  a method  useful  when-  multiple  reflections  must  be 

, considered. 
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APPENDIX  D. —THERMAL  RESPONSE  OF  SEMICONDUCTOR  JUNCTIONS  UNDER  APPLICATION 
OP  A SEQUENCE  OF  PULSES 

D-l.  INTRODUCTION 


In  many  electronic  systems,  an  EMP- induced  transient  effectively 
consists  of  a damped  sequence  of  pulses.  This  condition  arises  either 
because  of  filtering  inside  the  system,  or  because  of  multiple 
reflections  from  discontinuities  in  signal  transmission  paths.  The 
result  is  that  not  one  pulse  but  a t^iin  of  pulses  is  actually  incident 
on  a given  TPD.  Thus,  since  tile  heating  effect  of  the  leakage  pulses  on 
protected  circuits  is  to  some  extent  cumulative,  multiple  pulses  may 
raise  the  temperature  of  a semiconductor  junction  to  the  failure  point, 
even  though  any  one  pulse  might  not  be  nearly  large,  enoug.n  to  do  so. 

A substantial  amount  of  effort,  both  theoretical  and  exper- mental, 
has  been  applied  to  this  problem  in  recent  years.  Tiie  ex’.erimc*  t.ii  work 
has  consisted  mainly  of  applying  a uniform  train  of  rectangula,  pulses 
to  a device  until  it  fails.  The  onset  of  failure  ic  generally  announced 
oy  second  breakdown.  The  theoretical  work  iias  been  mostly  confined  tc 
calculations  of  temperature  rise  at  certain  points  in  the  depletion 
region.  The  general  procedure  is  to  assume  some  model  for  the 
semiconductor  and  environs,  with  heat  added  homogeneously  to  the 
junction  during  each  pulse.  The  inhomogeneous  diffusion  equation  is 
then  solved  for  the  chosen  model,  using  values  of  thermal  conductivity 
and  diffusivity  averaged  over  the  expected  temperature  range.  The 
predict-  «d  junction  temperature  is  compared  with  the  temperature 
necosi...  7 car  initiation  of  second  breakdown,  which— for  unknown 
reasons* -lies  ver*’  near  the  intrinsic  temperature  >f  the  semiconductor. 

This  appendix  presents  the  ienults  obtained  by  Minniti 1 ' ' foi  a 
single  incident  pulse  and  extended  by  Frank.  1 to  account  for  an 
arbitrary  number  of  pulses  of  known  magnitude,  width-  arid  separation. 
The  solution  is  adequate  for  all  pulse  widths  greater  than  aoout  1 nsec 
and  the  julse  train  can  bo  putt;  long,  possibly  as  long  as  50  ..sec, 
before  the  heat  sink  changes  temperature  appreciably.  The  responses  to 
sinusoidal  and  damped  sinusoidal  inputs  are  also  discussed.  Mir.nfti’s 
papers  also  give  a substantial  bibliography  of  tile  field  of  thermal 
breakdown  of  semiconductor  junctions. 

Minniti,  p.  J. , Jr.,  "Development  or  a Semiconductor  Failure  Model  for 
Lightning  Induced  Iulses  , ” MDAC-East  Avionics  Tech.  Note  ATN  " i j , 
Dec  1972. 

•Minniti,  R.  J.  , Jr.,  "Investigation  of  Second  Froakdowr.  in 
Semiconductor  Junction  Devices,"  MPAC-lv.:  ; t Avionics  Tec:..  Note  AT. 
71- 002,  June  l'»73. 

Krar.kel,  Kenneth  A.,  "A  Model  for  ?crii:.'n.h  i"r  t'aflur”  : u<  to  the 
Application  of  Multiple  Pulses,”  Fourt  ii.:.’.  h Annual  smdent  Technical 
Symposium  at  HPL,  15-1^  Ana  1>7I. 
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c ' .T,'e  tJon"-‘rai  liru>  of  development  in  this  appendix  I*  to  pror-e.-d 

; |,k'  «‘-il-k«own  material  has  been  include  to  make  the-  treatment 
easo-iably  belt-contained.  We  are  aware  that  tlio  models  employed  have 
de  oct.s  but  nope  that  the  results  indicate  a viable  way  of  tLaUng  the 
effect  of  mu  I tip  lu  pul. sos  ii)  t»  tjivan  sys  tor. 


14  « J"  ;aL  < Tt  ,that  JUnCtion  dt‘v-Ct-'-s  a phenomenon  known 

one-  I:  in  T-  th°y  fjU*  In  -s^'wri  breakdown,  the  device 

lun'tio"  When  d !“CUrrCnt  mOld0  Wlth  ^ 1^-voltago  drop,  across  the 

3UJUti>  . When  a device  is  in  the  avalanche  inode,  it  is  believed  that 

junction  ‘Tr£rT?  WU1  CJUSl:  currwnt  co,wtrictions  at  defects  i:s  the 

JJ.etio»..  1 he  louuiy  increased  current  density  will  further  raise  the 

oy-waou-.-  « a»  l-oint..  These  l„e.u  Zt  Jl lnZrl  yt 

Lwt,  U,iu  ';Jn  CJUdc'  loe-al  melting,  which  may  destroy  the  device. 


Some  authors  believe  that  a device  will  go  into  second  breakdown 

Zn  r ^ K,,Ut  rw4ch«*  tl‘”  i"triasic  temperature  of  the  dcvET At 
cius  temperature,  the  number  of  thermally-generated  instrinsie  ...,rri<r- 

^iSi-’-tW^thw  ‘lUmU,r  dU°  t0  dol'in‘J  yf  t,u'  semiconductor.  At  £ 
iiulrinsic  temperature,  the  junction  barrier  car.  be  destroyed  at  the 

iorreuiswnce  mC,#t  °*  t"°  CUrrer,t  tric‘i  *>  trough  this  region  ot 


I 

I 


txominat..on  of  Lie-  data  for  second  breakdown  caused  bv  single 
puisos  of  a given  tin.  duration  shows  that  there-  is  a wide  range  in  the 
power  needed  t,  ;ause  second  breakdown  i:.  devices  of  a given  type.  This 
range  often  varies  bv  fa- tor  of  two  three,  and  the  spread  is 

sometimes  an  order  of  magnitude.  duo.  a spree!  ll:  data  is  indicative 
t..a.  any  general  tn.-ory  dov.-Kp.-.l  can  ...  I;.-:,-  u,  approximation. 


Two  models  u:s 
following  sections. 
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Figure  D-l.  Simple,  one-dimensional  tliermal  monel  of  semiconductor 

diode. 


The  initial  condition  is  that  the  semiconductor  and  its 
environment  arc  in  thermal  equilibrium  at  temperature  To# 

If  the  chip  tompuraure  at  any  point  is  denoted  by  T{x,t),  the 
appropriate  boundary  conditions  arc 

T(x,o)  ■ T (o,t)  = T„,  , - 0. 

C 'X  x~L 

The  most  general  form  of  tin;  diffusion  equation  is 
,-c  ~ - V • (K.T)  + H(r,  T,  t) 

where 


a = density, 
c = specific  heat, 

T 3 temperature, 
t 3 tine, 

K - thermal  conductivity,  - 

II  - heat  generated  per  unit  volume 
pur  unit  time,  and 

r : position  Vector. 

Pi.r  simplicity,  we  consider  only  tin;  ease  where  K is  independent 
,(  T.  Phis  i.;  far’  from  true,  of  course,  but  the  equation  is  not 
otherwise  solvable  by  ordinary  analytical  means,  and  numerical  solutions 
ar>-  i,e ss.iry.  Tin-  diffusion  equation  can  then  be  written 


VI 


APPENDIX  D 


i H 

k 3t 


7?T  + 


P 

aAK 


(D-l) 


where 

k ® KA'c  * thermal  diffusivity, 

P ■ power  input, 
a ■ depletion  width,  and 
A * active  arcr. 

Note  that  the  equation  now  has  no  dependence  on  Tq,  so  the  solutions 
give  the  temperature  rise,  AT  • T - T . 

To  solve  the  inhomogeneous  equation,  wt  first  solve  tne 
homogeneous  equation 

1 
k 


where  we  assume  that  the  chip  is  so  large  that  the  y and  z dependences 
of  T can  be  ignored.  Using  the  method  of  separation  of  variables  we 
assume  a solution  of  the  form 

AT(x,t)  ••  F(x)G(t) , 


3T 

3t 


:>x? 


(b-2) 


and  find 


F - BcosBx  + Cs infix. 


C ■ Ae 


-B?kt 


t 


where  A,  a,  and  C axe  constants  of  integration,  and  is  the 

separation  constant. 

The  boundary  condition  at  x ■ 0 implies  that  B * 0,  and  the  other 
boundary  condition  fixes  the  values  of  r.  We  easily  find  that 

B " (2>,-l)  ~ , n • iMViitiv  - ii.t.  j.  » , 

Thus,  the  general  solution  to  the  hoier-gencoua  aquatic.  i.; 

*»• 

f.T  VK,t)  • h <'  ^l«llli  X , 

n»» 


U 


with  constants  c 


AWJ-’NUIX  0 


Of  toU~*  »«■  - «UM«, 


Tt  • iV  '•'  T + ■ »-"'T  * (, 


Now  we  assume  a solution  of  the  form 


AT  ’ H li,  {t).Mln- 


and  a heat  function  of  the  form 


°m  £ Q„(t)sln,x  , 


th“*  intc  «l»Mtlcn  (0-1)  and  us-' 
sin  lx,  w«  have  for  all  p. 


tho  Unear  independence  of 


n ■ ( ) 

(it  » 'll  • 


Thin  i«  easily  solved  usir.ti  tin- 


integral  in<i  factor 


N>  ""‘"MV  »>■«'.  then,  v,e  io t 


•I  „ • kt 

d.  ' >r 


Wfr  can  next 


assumed  independent  'of  t/‘  ‘ ' in"'ttlncf  ‘’duatioi.  'D-i) . 


.Since  $/■  is 


’ <•  / ,,*!i»l--sdx  » “I*  j-ms  x j 


I. 


s f «*  J » i u. 


gives 


rutting  this  into  tin*  equation  for  ; and  noting  that  :n(o)  = 
: (t)  = ( 1-e  *C!  )siiv  l.slnr.i  . 


Front  equations  (0*1)  and  <D-J),  we  see  that 

, kP 
' ,-iAK  * 

so  the  temperature  rise  is  given  by 

I.  I'-") 


1 

} riim-l.  sim  a sini-x  . 


for  a rectangular  pulse  applied  at  time  0 and  lasting  until  time  t. 
This  result  has  recently  boon  published  ly  Minniti#  who  also  showed 
that  the  time  doj>endence  reduces  to 
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Frank  el  \s  .-oiiLril  ut  i or. ' w«-:  to  extend  this  result  to  the  case  of  re 
rectangular  tul.-tcr  of  arlitrary  konu.t,  width,  and  separation.  The 
solution  to  tie-  i nhomngem’ous  diffusion  equation  was  given  earlier  in 
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this  section.  This  solution*  equation  (D-5),  was,  of  course,  only  the 
particular  integral,  but  in  that  case  the  complementary  function  was 
zero  because  the  initial  tomi>erature  difference  was  zero.  Thus,  the 
complementary  function  governs  the  temperature  decay  with  no  excitation 
present,  while  the  particular  integral  aovems  the  temperature  rise  with 
excitation. 

Now  suppose  that  the  heat  source  is  turned  off  at  time  ti  the 
initial  condition  is  qiven  by  equation  (^5),  with  t « tl#  and  the  same 
boundary  conditions  exist  as  before.  The  solution  to  the  heat  equation 
for  this  condition  was  previously  given  as 

»»*  > 

4T  ■ F D c’''  ^ slnSx  . 
n-1 

Since  the  initial  condition  is  already  in  Fourier  series  form,  it  is 
evident  that  the  solution  at  some  later  time,  t.,  is 


<lT(x,t-,) 


aUk 


1 


7 slnrl.  a in  i*.  a sinrx 


Furthor,  suppose  that  the  first  pulse  was  of  power  P(  and  that  at 
t • t a pulse  of  power  P.,  is  an'lied  until  t ■ t . Then  we  have 


3 


v 1 


AT(x,  t,)  * - , sinrl.  sin.  a sin-x 

1 al.AK  n»i  :• 


i*;(l-e""  kt;  •'ti) 


'•  (I- 


--  k<t  .-l  ) 


)|. 


If  there  is  no  pulse  until  t = t , 
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f (x  f l ) 


al.AK 


V 

n-'l 


mIiv.  I.  sin:  a sin.  x 


| I*  J ( kt')  ; ) 

+ Y k(f  •_t.  ) ,)  | . 


By  now  it  should  be  easy  to  nee 
shall  have 


A'l'/x,  t ...  , ) « 2- 

' - N—  - / al.AK  »■  l 


how  thi9  goes.  After  N pulses,  we 
• . sin:*l.  sln.-a  sln;-x 


r.  -■  k<t  ,-t 

il  “"'Mt 

W t*r  m.) 

1 1 - e ^ . m- : ■ m-. 

)J‘*  ' 

N“ • • nw  • ' 

And  after  a period  of  no  pulse  followinq  N pulses. 

^ E 1 


sini‘1.  sin;  a sin:  x 


"<*•*.’»)  • aLAK  n.l 


D-3.  SOLUTION  FOR  N CYCLES  OF  A SlNE-WAVE  INPUT,  USING  A SIMPLE 
ONE-DIMENSIONAL  MODEL 


Suppose  the  input  voltage  is  in  the  form  of  a sinusoid.  The 

device  voltage  is  approximately  zero  when  forward  biased  and 

approximately  V when  reverse  biased.  The  current  is  given  by  I • t 

sin^t  and  the  power  by  P ■ I V sin*>t.  ° 

o 

Referring  to  section  D-2,  the  equation  to  be  solved  is 

t\  * 

’ n + k • : ■ kA  « I n . t , 

— n n 

dt 

where 

I'l  V 

A ■ ' r sln/I.  uln.n  . 
n al.Ak:- 


7t> 
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Using  the  same  integrating  factor  as  before,  we  find  that 

-K-kt 


, . va  -‘k  sin- 1 - -con.,-.t  + ilO 

n ll  ~ k* + 


The  general  solution  is  then  given  by 

2k  I V 


.....  .,  o 5 sin:.l.s  Innas  ior.x 

• — ,Trr-  +<  ' m.  -t  »■». — 

it.  Ah  n"l  :•(.■=  k-  + :c*-} 


r'ksinut  - ucosc-t  t »j*» 


-t-.-kt 


for  t , where  : is  the  period  of  the  sine  wave. 

After  one-half  period  of  such  heating, 

Jkl  V y 

* -Silic  n-1  H,n;l!dn/;'H,nrx 


' ( "k-  + . ■ ) 

And  after  line  period,  *v  have 

J 1 Vk  . 


I + t 


- • k —• 


I C x , > - — } sin.  I.sln  .isinnx  , 
. il.Ak 

n*  I 


vr-Fv~r  1 1 + 1 


since  we  ar Mimed  that  no  energy  is  added  when  tin  junction  is  forward 
b Lased. 

In  'ii>n<-r.il,  .if t«-r  N ♦ or.<— half  period;. 
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whereas  after  N periods. 


.‘.T(>:,N'.  ) » sini  I.  slnna  sln.-x 


vrrz™)  1 1 + *■ 


«••  • k - 


- : • k ( N+  ^ — m ) i . 

1 0 
m«  l 


D-4.  SOLUTION  FOR  N CVCLES  Of  A DAMPED  SINE-WAVE  INPUT,  USING  A SIMPLE 
ONE- DIMENSIONAL  MODEL 


Suppose  the  Input  is  a damped  sire  wave.  The  problem  is  similar 
to  that  of  section  P-3,  except  we  take 

1*1  o f s 1 n t , 
o 

so  that  the  equation  to  be  solved  is 

d:_ 

— • *•  k : = kA  e sin.  t , 


where  A is  the  saw*  as  ir.  section  P-1.  The  result  is 
n 


: ■ kA 

n n 


k t i ■ ^ ^ ■ ( P - k-  ■ s I n . t - cos  t + 

("  ■ k- • ) V. 


This  has  almost  the  same  form  as  for  the  sine  wave,  the  difference  be  inn 
mainly  that  the  is-  k terms  of  the  intcjr  uul  are  replaced  by  * k — ' . 

After  on*  -half  cycle,  tins  becomes 


-♦  T kir 

, , v + e 

'n  \r  (_■  k- : ) + . ’ 


A!  PKNI'.rX  I; 


At  *1-1  ".A- 


( . K-  I +-  \ I 


T.'  ilrt  f-.t  t:.<-  m- I;.  1 ; »tj 

:urr-  :-.t  • * a:.. I : n -ri  .is  !>.  , .1! 


I;. I j rj  jud,  ly  .iocri-a.i<.‘  fill- 

J.wV#  V — 7 Wr  t 


• ~^CV“  ft.*4  * 


t:.  •}.»« , N ♦ . i.i'-itn!  f ; « ** s • '-« i ; v< • msi  ««*»  t ii.it 


•i(x, -y-  *iu,i 

v »•! 


L siu.  a sin.  x 


• ♦ l! 


, c c 


mil  .iftor  N ; ••!  i -I 


:i  V V' 

Vllx*-«.)  *=  sin  - siiu.i  sin.  x. 


Jt.ii.  , 

»- i 


-U  +i-  k- 


A ku;+i/--Ki).  -(»-i)  ■ 

> t»  c 
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D-r>.  CKNKKAUZATIO.N  TO  MORE  COMPLICATED  MODELS 


The  first  step  in  this  proarossive  gen era Iiz.it ion  is  shown  in 

figure  OJ.  Here,  a bulk  layer  is  simply  added  on  top  of  the  de  letion 

region.  The  difference  a wears  in  the  evaluation  of  p . In  this  case 

n 

we  have 

t 

n * •- 
n i. 

l.-h-.i 


,l.-b 

psttW  >:•!?.  . 


Lsinq  a triuonomotnc  identity,  we  find  that 

o - ^ IcoscLcoswia+b)  + wltuU»in.(a+b) 

‘n  cL  ‘ 

- cos.  Luos.. l>  - sin.  Lain,  bj  . 

The  boundary  condition  of  x ■ L requires  that  (.osfL3*:).  Hence, 

g • siiu-L  (aiiu(u+b)  - sinebj  . 

Thus,  tiie  only  difference  between  this  case  and  the  j rev:  -us  one 
is  tin  replacement 

sin.  a*  sin.; (u+b)  - sin-b  . 


In  sub sequent  discus. wens,  s::i.  a a,  { ears  v:hen«  ver  •;  nj  lete  f,  rsi.il  •••  .«<• 
re  pared,  r?  will  ii  under  ;to.-d  thu*  tie  extra  l.o.vj  m:.  ••.i-ilv 
accounted  for  if  n«- s.«ry . 


» *b  dl/d  » *0 
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J 


1.1  ' 


The  final  model  cor.sideri-d  ii<  tv  (for. 
extensively  by  Minr.iti.  The  solution  t.;  .ler: v. -.1  n.  < 
way  as  in  section  D-,',  the  stair.  con;  Ixmiio:.  - : :.<i 
three  Koi  rior  ejq  ar.sior.s  instead  <>f  i>r.e.  T:s;;.  *••• 

hommjenoous  oe.uat  ion 


t'li 


• ti.illv 


lh.it  ate 

first  Ivc 


1 jl 

k jl 


by  assuming  a solution  of  the  fori* 

•i  (r,  t)  - i'tx)  V Cy ) W(ij)  U(L)  • 
Proceeding  as  before  v.<  find 

V ■ liev*..x  + Csiiux  . 


V “ il’ces  iv  + C'siiV’V  . 
W ■ h"eoa\.:  f i'"sin.u  • 


where  B,  c,  P' , , H’-,  and  i‘“  .it--  e instant  s .if  inieur  o j.  i - 

-i'-  . and  are  seoarat in;  constants. 


The  boundary  condition  at  x • iin;  ii\ >:  tn.tr  !<  ■ c,  .-.n-.l  > •.  is  • i..;, 

x •-  1.  fixes  the  value  of  p as  id  -r*-. 

The  a]  i ri'j  riat"  i • ui.-Jaty  eenct: r 1 •. u;.;  :i  • u.  : .•  ,<• 


it  <•(! 

.am. 
r.r  •• 
the 


V > 
at 


•v  : x : 


•y  v -•  ;i  - ■ i< 


. - 0 . 


Hy  ry  w »•  also  sot*  that 


T 


•I 


JV  V « l)  jj'i  “ i) 


- U • 


U * - Jl'-Kiil'l  lit  + .:us ! it 

0 - .»C  • 

To  -Mttsfy  both  these  equations  wo  sot 

til  ini  ,.)•  . 

vriti-.o  ti:«-  b. •••aat.itv  oonuitiomt  in  the  2 direction,  wo  find  c"  - 0, 

■ \‘  . i :i  i : i ; .■  •,  ; ,,  , 

■'in.il  ly,  tin.-  t it*1  ii»*j  ondor. ,*e  in  aivett  by 

* . U:! 

.VI 

Tint  i,  rl;>>  solution  to  tho  homrqenoous  equation  is 


V 

.T 

i 


*r  ••••  ; <!'i. "tl.tr  iritecrral,  we  i-'.umo  a solution  of  the  fc 


rm 


f.  1 i f ; t|i  • t rho  t 
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Puttino  these  into  equation  (D-3)  as  before  gives 


Ut 


+ 


k(a  + s- 


); 


.n.p 


Q 


This  i.-;  solved,  using  the  integrating  factor 

k(.f+c  +v  H 

to  nultit-ly  both  sides. 

Next,  we  get  f,?in,n.p  inverting  the  oguat ion  for  We  can  do 

this  in  several  steps.  For  i,y>n,  we  got 


i) 


cos  iv  cosy/  ilx  ily  dz 


o 


siiui.  siu.u  s.ln.ir i.sinyr 


The  y .ir.i  7.  ir:t.oar,tti<»i..i  •.  ■ oo  to  r.  j*.d  r , h"Ciu;.i*  .ill  the  •corny  is 
• issunieii  b>>  dissipated  in  the  active  region. 

Kor  tin-  c.»s>-  i ? . • •:),  wo  cot 

r • r • 

, * sin  ...  sin -u/  / co.-i  tv  d v J .»  t 

riy  UtC  .*i\'  ..  J * ’ 


0 0 


•'if 


sic.  ..  j .-.tii  • r • 


.i.vi  for  • • • c/i.ji;  i 


f , w-  .}. 


• • t ''*  • I*  •*“ 


■'  J • i • i.  :»  a »J.  «1  S J I;  • I' 


I i •/  # • r i , 


> 1 •»  i.  -» 1 :j.  -i 
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None  of  these  ir,  dependent  or  i.j  thus,  our  solution  becomes 


, .. . _ 

m,n,p  k(f +:•+>-) 


1 - 


-k(  f +r  - t y )t 


The  oennral  solution  for  the  temperature  r*s,! 


■Y1  (r,t)  • L„ 

m,p*0  k(  r + • +•.  ) 


n=l 


-k(  .•*r  .)l 

1 - c 1 


The  solutions  for  all  zero  and  nonzero  values  of  i,lV.  can  b.  combined 
into  _,-.e  formula  if  the  terms  are  properly  defined.  Ilop-.e,  Mir.niti 
qivos  the  qer.oral  solution 


AT(r.t) 


M|> 

ak"i7k‘ 


V' 


t,_(  1 +;"  +V  >kl 


sin.  I.  sin.  a sin;  x rusty  ois.z  , 


...  JK  p,.x  .) 

■ a ( i +:••+">•) 


A.iore 


Jn+1 

JL ' 


<;<•,"):*  r sin  i r , < * <>  , 

i 

<.(<>,•  ) = *,  f r sin  .r  , •.  i ')  , 


<;( 


) = 


i In  «r ■ sin . r 


* f 


Ti : i ; ••x;  u;i]y  extended  to  -live  the  temperat are  rise  due  tr  N 

r*-ct.ir.  isl.ir  ; uJ  • At  ••rnl  of  the  Nth  pulse 
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ft1(r,t2N-l)  “ af.AKR''  ri,tm>»0  sin;  I-  slnii*  S*»J 
C0S.1V  (‘Utt-yZ  • 

, r ' ’ 

I!  H..  [ 1 - e*(‘ +-  +Y  >k  I1.-..  )j 

and  after  a period  of  no  pulse  following  N pulses, 

y^r,t-N  ) * «il j\Kr"  >“««•*•  »«nw,  sini-x 

res  tv  cosvz 

•<<+.•+*•) 

i (i  - i"(‘  +"  +,  yk(t. 

v-(.  *.  )k  j.  N - , _ ^ . 

OP<,.  J*  ls,: *'•  that  ri..-,o  -x;  t tf, 

or.,,  -.let.  t,„.  r.,,trict>  ,»s  U„-  ..etiv.*  or,-.,  .,r.  rvl»>v«d. 


the  previous 


